Abstract. Rotationally resolved spectral lines in the C−X(1, 0) band of carbon monoxide are investigated under high resolution using a coherent vacuum ultraviolet laser source, continuously tunable near 107 nm. Transition frequencies are determined by calibrating against a reference standard of iodine lines, recorded with saturation spectroscopy in the visible range, yielding an absolute accuracy of 0.003 cm −1 in the vacuum ultraviolet. Improved molecular constants for the excited state are derived and no effects of perturbation are found at the present level of accuracy. Line broadening measurements result in information on the excited state lifetime of the 
Introduction
The C−X system is a very intense feature in the absorption spectrum of the carbon monoxide molecule. Since the early works of Hopfield and Birge [1] and Tilford et al. [2] the vacuum ultraviolet (VUV) absorption in the C−X system has also been investigated by Eidelsberg and Rostas [3] , using a 10.5-m high-resolution spectrograph. Drabbels et al. [4] used two-photon induced fluorescence, whereas Ubachs et al. [5] employed a VUV laser source as well as 2+1 resonance enhanced multi-photon ionization. The C 1 Σ + , v = 0 level was observed in various infrared and visible emission studies as well [6] [7] [8] [9] .
The present study, focusing on the spectroscopy and predissociation dynamics of the C 1 Σ + , v = 1 level, was conducted in view of the astrophysical importance of the photodecomposition of CO by VUV-light. The photoninduced destruction of CO, the second most abundant a e-mail: wimu@nat.vu.nl molecule in outer space, has been shown to be a key parameter in the chemical dynamics of interstellar clouds [10] . The work of Letzelter et al. [11] has revealed, after suggestion by Bally and Langer [12] , that the photodissociation proceeds via the mechanism of pre-dissociation rather than via continuum absorption.
The photo-predissociation is also largely responsible for the isotopic fractionation of CO in interstellar clouds. Such phenomena occurring as a function of penetration depths towards the centre of molecular clouds, relate to shielding effects on strong absorption features, as extensively discussed in the astrophysical literature (see e.g. [10, 12] ). In this respect particularly the E 1 Π, v = 0 and v = 1 and the C 1 Σ + , v = 1 states are of importance because the predissociation yield is well below the 99% level found for higher lying states [3] ; hence for these states there is a delicate competition between radiative and dissociative decay, whereas C 1 Σ + , v = 0 has hitherto been found to be unpredissociated. In the work by the Meudon group a zero predissociation yield is derived
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The European Physical Journal D for C 1 Σ + , v = 0 from simultaneous measurements of absorption and fluorescence [3, 11] . In the review by Morton and Noreau [13] the findings on lifetimes from a number of studies are compared to measurements of the oscillator strengths in the C−X system; although there is some spread in the experimental values, they are generally in agreement with the assumption of pure radiative decay of the C 1 Σ + , v = 0 state. Recently we reported on isotope dependent predissociation in the E 1 Π, v = 1 state [14] . Here we report that also the predissociation in the C 1 Σ + , v = 1 state is also strongly dependent on the isotopic composition; but in this case the predissociation rates of the heavier isotopomers appear to be larger, in contrast to the case of the E 1 Π, v = 1 state. As for the spectroscopic results of the present investigation the obtained line positions in the C−X (1, 0) 
Experimental
The narrow-band VUV laser setup of the Laser Centre Vrije Universiteit Amsterdam, based on a pulsed dye amplifier (PDA) system, has been described in detail in a previous publication [15] . Its application to the spectroscopy and predissociation of CO was documented recently for a similar investigation on the E 1 Π, v = 1 state [16] . CO spectra were recorded by 1 VUV + 1 UV photoionization and a time-of-flight mass-separation and ion detection scheme were applied to investigate spectral features of the six natural isotopomers of the CO molecule: 12 18 O) were used. The transition frequencies in CO were calibrated against a recently established dense grid of iodine molecular resonances by using the cw-output of a ring-dye-laser in saturation spectroscopy [17] . The VUV-light is produced by pulsed amplification of the cw-output of a ring-dye-laser near 640 nm and by subsequent frequency doubling and tripling of the pulsed output. The calibration procedure itself yields an absolute accuracy of the CO resonances of 0.001 cm −1 ; however, chirp effects in the dye laser amplifier may cause net frequency shifts of the entire set of data by an amount less than 0.003 cm −1 [18, 19] . The isotope-dependent predissociation in the various isotopomers in the present study is inferred from line broadening measurements in a crossed molecular/laser beam study. Of crucial importance is the assessment of the instrument width in the measurement setup. The distance between the opening orifice of the pulsed valve producing the CO molecular beam and the skimmer was in most experiments taken at 4 cm. This configuration results in a very small contribution of Doppler broadening to the instrument linewidth. A series of measurements of linewidths on CO resonances was performed, with variation of the nozzle-skimmer distance and with variation of the gas composition in the probe-gas molecular beam. Close to the resonance wavelength of the C−X(1, 0) band of CO are also transitions in the B−X(3, 0) Lyman band of molecular hydrogen as well as resonances in xenon. Linewidths were deduced for pulsed beams of pure CO, Xe and H 2 , as well as for mixtures of these gases. These measurements were used to unravel the Doppler contribution as well as the linewidth of the VUV-laser source.
A comparison was made with an alternative measurement of the lifetime of the C 1 Σ + , v = 1 excited state performed with a picosecond pump-probe laser system. These specific measurements were conducted at the Lund Laser Centre. The experimental setup and the general methods were described in reference [14] . The VUV-radiation used for excitation is produced by direct seventh harmonic generation of tunable infrared pulses. The duration of the laser pulses at the fundamental wavelength are 50-70 ps, resulting in somewhat shorter pulses in the VUV. A second UV-laser of 60 ps duration is used for ionization in a 1 VUV + 1 UV photoionization scheme. The temporal resolution is estimated to be 80 ps. The bandwidth of this source (≈ 25 cm −1 ) is such, that no individual rotational levels can be excited.
Results and analysis

Spectroscopy
A typical recording of a CO resonance line with the narrow band VUV laser source is shown in Figure 1 for the R(4) line in the C−X(1,0) band of the 12 C 16 O isotopomer. The entire spectrum consists of 1300 frequency steps of the cwring-dye laser with the resonance covering 80 data points over the FWHM-profile; in most cases the signal was averaged over 5 consecutive laser pulses in the spectral recordings. For this CO resonance an iodine line was found to be very close, facilitating in the absolute calibration of the transition frequency. The line centre of the CO-resonance was determined by fitting a Lorentzian curve to the observed profile; the separation to the t-hyperfine component of the P58(7-4) line, marked with an asterisk in the spectrum, was evaluated in terms of fringe spacings of an actively stabilized etalon with FSR = 148.9567 MHz. In this way all observed resonances in the C−X(1, 0) band for all isotopomers were calibrated with respect to such a t-hyperfine component pertaining to one of the rotational lines in the B−X(7, 4) band of molecular iodine. All tcomponents of the (7, 4) band are well documented and calibrated to within 1 MHz (1σ uncertainty) through work in the Amsterdam laboratory [17] . In several instances the nearest usable I 2 resonance was over a hundred etalon fringes away from the CO resonance, thus complicating the absolute calibration. In those cases fast overview scans were obtained to estimate the integer number of markers between the I 2 and CO resonances. The transition frequency of the CO resonance was then determined in a second stage by accurately recording the I 2 and CO resonances separately and using the fringes of the locked etalon (see Ref. [17] ) as absolute frequency markers. The obtained transition frequencies are listed in Tables 1-6 for the six natural isotopomers of CO. For the 17 O containing species, only present in low abundance in either the natural or the 13 C enriched gas samples, only a limited number of lines could be measured. The resonances were recorded at least two times and the estimated uncertainty in the determination of the transition frequency is 0.001 cm −1 . Also shown in Tables 1, 3 , and 4, for the 12 C
16 O, 12 C 18 O, and 13 C 16 O isotopomers are the data previously obtained by 1 VUV + 1 UV photoionization using a pulsed dye laser (PDL) as the fundamental light source; these hitherto unpublished data, marked with (a) in the tables, have an estimated accuracy of 0.04 cm −1 [5] . In cases, where values are available from studies with the PDL and the PDA systems, only the most accurate value was listed. The values in Tables 2, 5 and 6 are all obtained with the PDA-system.
The spectral data are analyzed in a least-squares fitting routine using a simple energy expression for the rotational levels of the excited state: with ν 10 the band origin and B and D the rotational constants. The rotational energy levels of the X 1 Σ + , v = 0 ground state for the various isotopomers were evaluated from the accurately determined constants by Guelachvili et al. [20] and kept fixed in the fitting routines. The values for the constants B 0 , D 0 and H 0 derived from the Dunham constants, listed by Guelachvili et al. [20] , are given in reference [16] . The results of the weighted least-squares fits are presented in Table 7 . It should be noted that the listed values for ν 10 are the ones as obtained from the least-squares fits and thus relate to the internal consistency of the measurements. All listed uncertainties represent the 1σ standard deviation of the fits. The true uncertainty in ν 10 is however estimated at 0.003 cm −1 because of possible chirp-induced effects in the dye amplifier [18, 19] .
A common energy reference for the C 1 Σ + , v = 1 levels of all isotopomers can be given with respect to the bottom of the potential well and to the dissociation limit. This can be achieved considering the zero point energy of the X 1 Σ + state for each isotopomer, the dissociation limit D e = 90674±15 cm −1 above the X 1 Σ + ground state potential minimum derived in reference [21] and the energy of the bottom of the C potential E C = 91916 cm −1 . This last value has been calculated in a Dunham analysis of the C state including vibrational levels v = 0 to v = 3 of the different isotopomers [3, 5] . Table 8 summarizes these values for the six different isotopomers. In the three rightmost columns the C 1 Σ + , v = 1 level energies are given above the X 1 Σ + ground state potential minimum (E C (X)), above the bottom of the C state potential (E C (C)), and above the C(
Lifetimes and predissociation
Excited state lifetimes of the C 1 Σ + state were determined both via time domain measurements and frequency domain line broadening experiments. These methods give complementary information and can be used to validate the results. The time domain pump-probe technique was applied to derive a lifetime for both the C 1 Σ + , v = 0 and v = 1 levels of the main 12 C 16 O isotopomer, whereas line broadening experiments were performed on the C 1 Σ + , v = 1 state of all six natural isotopomers. The results will be presented in the following subsections.
Time domain measurements
In Figure 2 the decay transients as obtained in a pumpprobe experiment are displayed for the C 1 Σ + , v = 0 and v = 1 states of 12 C 16 O. The temporal scale on the horizontal axis in the figure represents the time delay between the VUV laser pulse, populating the C 1 Σ + state, and the UV pulse that further transfers this population into the continuum; the ion signal is plotted as a function of temporal delay between the two laser pulses on a logarithmic scale. For all pump-probe lifetime measurements performed with the picosecond laser individual rotational states were not resolved and the cited results pertain to a set of quantum numbers in the range J = 0−10. The results are analyzed by deconvolution of the temporal response from the transients and by (weighted) fitting to an exponential decay. The uncertainties in the data points, as shown in Figure 2 , include a Poisson noise component, scaling as the square-root of the intensity, and an electronic noise component which is constant. Some detail of the methods of analysis were described previously [14] . The large difference between the results, τ = 1.78 ± 0.10 ns for the v = 0 level and τ = 625 ± 100 ps for the v = 1 level, is an immediate consequence of the differing predissociation Figure 3 . This allows us to determine the difference between decay rates with good accuracy. Indeed intensity fluctuations of the XUV and the density fluctuations in the CO-beam, which are the main sources of error in the individual time delay signals, can be eliminated in the treatment by taking the ratio of the two simultaneously recorded signals for the two isotopomers considered. The total (dissociative + radiative) decay rates, defined as the inverse of the lifetime τ , are O is considered to be unpredissociated. This is based on the experimental findings of the Meudon group [3, 11] , who report zero predissocation yield. Morton and Noreau [13] have argued that the observed lifetime of 1.78 ns would correspond to an oscillator strength of f 00 = 0.099 if predissociation is neglected; this value matches, within the rather large uncertainties, a reliable experimental value for the oscillator strength f 00 = 0.117 [22] . Then the radiative lifetime is taken as independent of isotopic constitution; this is an accepted assumption for non-hydride molecules. Based on these assumptions a common value of 5.6 ± 0. Figure 4 shows a typical recording of broadened CO resonances obtained from a pure CO beam using a 13 C enriched sample. Two nearly coincident resonances are displayed, one in 13 C 17 O and the other in 13 C 18 O, that have different widths. Throughout the study some variation in the linewidth is found for each isotopomer, but this was judged to be a statistical effect. No systematic trends were found as a function of rotational quantum number and in view of the limited signal-to-noise ratio (see e.g. Fig. 4 ) some spread is anticipated. Hence the observed linewidths for all rotational lines were averaged for each isotopomer. In Figure 5 much smaller than for the other ones. The average values for the line broadening parameters are given in Table 9 , where the uncertainties represent a single standard deviation.
Line broadening measurements
The resonances observed from pulsed molecular beams of pure CO could all be fitted to Lorentzian profiles. Even for the narrowest lines, obtained for 12 C 16 O, no evident contribution of a Gaussian component, representing the Doppler effect, could be discerned in the line profile for measurement conditions of 4 cm between nozzle and skimmer and for a pure CO beam. However, we have performed line broadening measurements using various resonance lines of atoms and molecules, having different 16 O resonances. This is a clear indication that the instrument width in the crossed beam geometrical configuration is partially determined by the Doppler effect: the observed widths depend on the velocity of the molecules in the beam. Resonances in Xe and H 2 itself were also probed, under identical geometrical conditions. The 5p
6 -5p 
which is valid, under the present experimental conditions [25] . The instrument bandwidth ∆ BW of 350 MHz is then 
which is the simple deconvolution of two Lorentzian functions. The resulting values of Γ are listed in Table 9 . Values for the excited state lifetime follow via
and are listed in Table 10 . To emphasize the strong dependence of the decay rates on the isotopomer the values of Γ are plotted as a function of reduced mass in Figure 6 . Except for the main isotopomer the uncertainty in the lifetime derives from line broadening and is estimated at 10-15%. For the main 12 C 16 O isotopomer the lifetimeinduced line broadening of 225 MHz, with a very small statistical error, is only marginally above the Doppler and bandwidth contributions. In view of the systematic uncertainties in these instrument parameters the error propagation results nevertheless in a large uncertainty in the value for the lifetime (τ = 700 ps), which we estimate at 30%.
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The value for the lifetime of the C 1 Σ + , v = 1 state of 12 C 16 O, as determined in the time-domain experiment is 625 ps, with an estimated uncertainty of 100 ps. This result is more accurate than obtained from line broadening and sets in fact the error level for the lifetime in the main isotopomer at 15%; this value is included in the data set of Table 10 . The direct time-domain value of 625 ps agrees well enough with the estimate from the line broadening and deconvolution procedure to tie the data sets in a convincing manner. It should be noted in conclusion that, although the derivation of lifetimes on an absolute scale gives somewhat large error margins, the trend in observed widths ∆ν obs shows a distinct isotope dependence; the values listed in Table 9 were all obtained in the same geometrical configuration and for the same source bandwidth.
Discussion and conclusion
In the present study absolute transition frequencies of individual rotational lines in the C−X(1, 0) band of CO have been determined with unprecedented accuracy. While the value for the band origin ν 10 for the main 12 C 16 O isotopomer has an internal consistency of 0.0005 cm −1 , the uncertainty in the absolute transition frequency is 0.003 cm −1 due to possible chirp-induced effects. Our value agrees well with the less accurate value listed in the recalibrated data-atlas by the Meudon-group [26] . For the 13 C 16 O isotopomer the largest discrepancy is found: the atlas lists an internally consistent value in the Meudon data of 94018.55 cm −1 with a 3σ uncertainty of 0.04 cm −1 ; however, the absolute accuracy is only claimed to be within 0.1 cm −1 , in reasonable agreement with the present finding. For the C−X(1, 0) band a line list was produced in the review compilation by Morton and Noreau [13] . The presently derived molecular constants, in combination with the ground state constants of Guelachvili et al. [20] provide a basis to calculate an improved set of transition frequencies for all six natural isotopomers of CO. No perturbation of the rotational structure is found at the present level of accuracy and for the range of Jvalues observed.
Time-domain measurements yield a value for the lifetime of the C 1 Σ + , v = 0 state of 12 C 16 O of 1.78 ± 0.1 ns. In the paper by Krishnakumar and Srivastava [23] , and in the review by Morton and Noreau [13] five different measurements are discussed that give values in the range 1.1 to 2.2 ns, with a mean of 1.78±0.5 ns, which is in excellent agreement with the present finding. For the C 1 Σ + , v = 0 state of 13 C 16 O the same lifetime is found, while for the heavier 13 C 18 O a small but significant deviation is obtained. With the assumption that the value of 1.78 ns corresponds to the radiative lifetime [3] it follows via
that the predissociation yield in 13 C 18 O (C, v = 0) is 17%. We note again that the obtained value for the lifetime is in accordance with reported values for the oscillator strength [13, 22] [3] . The derived values for the predissociation yields pertaining to the isotopomers are listed, along with the excited state lifetimes, in Table 10 . Because of the propagation of errors the uncertainty in the value for η pre for the main isotope is, with 10%, the largest. At the same time the isotopic effect in the predissociation yield comes out most strongly for the main 12 C 16 O isotopomer. This effect, which is not included in current models, may have important consequences for the isotopic fractionation in interstellar space. An estimate with propagation of errors yields uncertainties of only 2% for η pre of the other five isotopomers.
In a recent paper by Li et al. [27] an ab initio calculation of the predissociation rates in the B [27] are plotted in Figure 8 as a function of energy above the bottom of the C state potential well. + , v = 0 and 1 55 experimental data for v = 0; diamond: experimental data for v = 1; closed circles: experimental data as cited in reference [28] ; open circles: calculation of reference [27] . The dashed line indicates the level of radiative decay.
The presently obtained experimental rates are calculated using k p = Γ − k rad and a radiative decay rate k rad of 5.6 × 10 8 s −1 , indicated also in Figure 8 . Data for C 1 Σ + , v = 3 and v = 4 were obtained from reference [28] based on unpublished work by the Meudon group.
The theoretical investigation provides an explanation for the varying decay rates with vibrational quantum number although the value for C, v = 1 of the main isotopomer is off by a factor of seven from the present experimental value. The observed very strong mass-dependence of the predissociation rate indicates that there prevails a subtle dependency on the exact location of the potentials. In view of the non-adiabatic interaction mechanism no direct intuitive explanation can be given for these reduced mass effects, nor for the discrepancies found. The observation that the predissociation in the C 1 Σ + state is independent on rotational quantum number gives some handle to identify the states causing the predissociation. A homogeneous perturbation can be produced by coupling to a state of the same symmetry ( 
